Here we investigate the role of mTOR complex 1 (mTORC1) and mTORC2 in regulating MC collagen expression, a hallmark of fibrotic disease. Relative to normal MCs (non-Fib MCs), MCs derived from fibrotic human lung allografts (Fib-MCs) demonstrated increased phosphoinositide-3kinase (PI3K) dependent activation of both mTORC1 and mTORC2, as measured by increased phosphorylation of S6K1 and 4E-BP1 (mTORC1 substrates) and AKT (an mTORC2 substrate). Dual ATP-competitive TORC1/2 inhibitor AZD8055, in contrast to allosteric mTORC1-specific inhibitor rapamycin, strongly inhibited 4E-BP1 phosphorylation and collagen I expression in Fib-MCs. In non-Fib MCs, increased mTORC1 signaling was shown to augment collagen I expression. mTORC1/4E-BP1 pathway was identified as an important driver of collagen I expression in FibMCs in experiments utilizing raptor gene silencing and overexpression of dominant-inhibitory 4E-BP1. Furthermore, siRNA-mediated knockdown of rictor, an mTORC2 partner protein, reduced mTORC1 substrate phosphorylation and collagen expression in Fib-, but not non-Fib MCs, revealing a dependence of mTORC1 signaling on mTORC2 function in activated MCs. Together these studies suggest a novel paradigm where fibrotic activation in MCs increases PI3K dependent mTORC1 and mTORC2 signaling and leads to increased collagen I expression via the mTORC1-dependent 4E-BP1/ eIF4E pathway. These data provide rationale for targeting specific components of mTORC pathways in fibrotic states and underscore the need to further delineate mTORC2 signaling in activated cell states.
organ failure and death both before and after transplantation. Within five years of lung transplantation, 50% of the recipients demonstrate a decline in their lung function termed bronchiolitis obliterans syndrome which arises from progressive airway fibrosis (1, 2) . Histologic samples reveal pathologic collagen matrix deposition with interspersed MCs (3) . Relentless fibroproliferation is the hallmark of chronic allograft failure across all solid organ transplants, and targeting mechanisms of MC activation and matrix deposition is key to improving long term outcomes.
Mammalian target of rapamycin (mTOR), an evolutionarily conserved serine/threonine protein kinase, links multiple upstream signaling cascades to downstream translational activation (4, 5) . mTOR forms the catalytic core of two distinct complexes known as mTOR complex 1 (mTORC1) and mTORC2, which are defined by their partner proteins raptor and rictor, respectively (6) . mTORC1 promotes cap-dependent mRNA translation via phosphorylation of its effectors S6K1 (ribosomal protein S6 Kinase 1) and 4E-BP1 (eukaryotic initiation factor 4E-binding protein1) (7) (8) (9) (10) (11) . mTORC2 functions as the major kinase for AKT (12) . Constitutive activation of the mTORC1 pathway and increased cap dependent translation has been shown to be key in the development and progression of various cancers (13) . A potential role for mTORC1 signaling in modulating MC function and promoting fibrosis has also been suggested, predominantly from studies utilizing rapamycin, a first-generation mTORC1 specific allosteric inhibitor that suppresses mTORC1 function by binding a domain N-terminal to the kinase domain (14 -19) . It is important to note that not all mTORC1 substrates show similar sensitivity to rapamycin; for example, rapamycin reduces the phosphorylation of S6K1 potently while it has modest inhibitory effect on the phosphorylation of 4E-BP1. As roles for mTORC1 and mTORC2 in modulating fibrotic responses in MCs remain poorly defined, we have studied MCs derived from fibrotic and normal human lung allografts and demonstrate that the mTORC1 and mTORC2 pathways function as key signaling intermediates in MC activation and fibrosis.
Experimental Procedures

Isolation of Mesenchymal Cell from Human Lung Allografts-
MCs were isolated from bronchoalveolar lavage fluid obtained by bronchoscopy from human lung transplant recipients with and without bronchiolitis obliterans syndrome as previously described under a protocol approved by the University of Michigan Institutional Review Board (20) . Briefly, cell pellet recovered from bronchoalveolar lavage fluid by centrifugation (1,000 rpm for 5 min) was seeded and maintained in tissue culture dishes. MCs were identified by their growth as fibroblastoid colony forming units and isolated by trypsinization and cultured by further passage in plastic adherent conditions. MCs grown from each individual BAL sample were treated as a separate cell line. Cells at passages three through six were used for all experiments performed. The mesenchymal phenotype of the cells was confirmed by immunofluorescent staining for the mesenchymal marker vimentin utilizing mouse mAbs against vimentin (Sigma-Aldrich). Cells were visualized and photographed using a Zeiss fluorescence microscope. Expression of N-cadherin and E-cadherin was also evaluated. Total RNA was prepared from isolated MCs and human lung bronchial epithelial cells using an RNeasy minikit (Qiagen, Inc., Valencia, CA), per manufacturer's instructions. Real-time qPCR analysis was performed on an ABI Prism 7000 SDS (Applied Biosystems, Foster City, CA) using TaqMan PCR Master Mix (Applied Biosystems). The TaqMan real-time PCR primers included Hs00983056_ml for N-cadherin, and Hs01023894_m1 for E-cadherin (Applied Biosystems).
Tissue Culture, Protein Isolation, and Western BlottingMCs were plated and grown to 80% confluence in 60-mm dishes prior to serum-deprivation for 24 h. Following serum deprivation, cells were treated in serum-free medium containing the indicated doses of either rapamycin (Cayman Chemical, Ann Arbor, MI) or AZD8055 (Selleck Chemicals, Houston, TX) for 24 h. Total protein was collected from treated or untreated cells by cell lysis on ice. Lysates were separated on 10% or 4 -12% gradient Bis-Tris gels prior to Western blot analysis phosphorylated S6 kinase (Thr-389), phosphorylated 4E-BP1 (Thr-37/46), total 4E-BP1, phosphorylated AKT (Ser-473), total AKT, rictor, raptor, and TSC2 (all from Cell Signaling Technologies, Boston, MA). Plasmid transfection efficiency was determined by blotting for HA or FLAG M2, both purchased from Sigma-Aldrich. Scraped cell lysates which contains both intracellular and extracellular proteins were also utilized for quantitating collagen I expression using an Anti-Human Collagen Type I, purified IgG (Polyclonal) (rabbit IgG) antibody (Cedarlane Laboratories, Ontario, Canada). This Collagen I antibody (CL50111AP) detects bands between molecular mass of 150 and 250 kDA, which correspond to detected epitopes located in the procollagen and collagen portions and the predominant band we detect at 200 kDA corresponds to collagen beta 1,1 and beta 1,2.
siRNA-mediated Silencing and Plasmid TransfectionsiGENOME SMARTpool, siRNA targeting human rictor (253260), raptor (57521), or TSC2 were obtained from Dharmacon/GE Healthcare (Lafayette, CO). Non-Targeting scrambled siRNA-A was purchased from Santa Cruz Biotechnology (Dallas, TX). Briefly, cells were plated to 50% confluency in 6-well plates followed by transient transfection utilizing oligofectamine (Invitrogen, Carlsbad, CA) for 24 h. Following transfection cells were maintained in serum free media for 72 h prior to protein harvesting. pACTAG2-HA-human wild-type 4E-BP1, pACTAG2-HA-AA-4E-BP1 (Thr37Ala/Thr46Ala), and pACTAG2-HA-TOS-4E-BP1, pcDNA3-HA-AKT-WTmouse and pRK7-FLAG-Rheb was kindly provided by Dr. D. C. Fingar (University of Michigan). For plasmid transfection, cells were plated to 90% confluence in 6-well plates followed by transient transfection utilizing Lipofectamine LTX and 250 ng of plasmid DNA (Invitrogen, Carlsbad, CA) for 24 h. Following transfection, cells were maintained in opti-MEM medium for 24 h prior to protein harvesting.
Sircol Assay-40,000 cells per well were plated in triplicate into 48-well plates and allowed to adhere overnight. Cells were then serum deprived for 24 h followed by treatment with either 250 nM rapamycin or 250 nM AZD8055 for 16 h. Cells and cell supernatants were scraped and harvested into micro-centrifuge tubes and assay was commenced per manufacturer's protocol. Each sample was run on the assay plate in replicates of 6 and normalized to a standard curve generated used acid-soluble bovine collagen.
pcDNA3-HA-AKT-S473D Plasmid Generation-Site-directed mutagenesis was performed on pcDNA3-HA-WT mouse to introduce the S473D mutation using Q5 Site-Directed Mutagenesis Kit (New England BioLabs). Mutagenesis PCR reactions were carried out per manufacturer's protocol utilizing a 71°annealing temperature and the following primers: Forward primer: 5Ј-cccccagttcGACtactcagccagtggc-3Ј; reverse primer: 5Ј-aagtgcggcctccgctca-3Ј. All plasmids were fully sequenced prior to use in transient transfection experiments.
Lenti-viral Silencing-V2L pGIPZ Rictor clone 120392 and scrambled pGIPZ control plasmids were obtained from Open Biosystems. Cells were plated to 60% confluency in 6-well plates followed by infection with 1ϫ lentivirus in serum-free DMEM containing 8 g/ml polybrene. Lentivirus was removed 24 h later and replaced with DMEM containing 10% FBS for an additional 48 h. Transient transfection of HA-AKT and HA-AKT-S473D plasmids was performed on lentiviral silenced MCs using Lipofectamine LTX and 500 ng of plasmid DNA.
Statistical Analysis-Data are presented as mean values Ϯ S.E. Statistical significance was analyzed using GraphPad Prism 6 software (La Jolla, CA). Significance was assessed with a Student t test for comparisons of two groups, or with analysis of variance and a post hoc Neuman-Keuls test for three or more groups. p less than 0.05 were considered significant.
Results
Mesenchymal Cells Derived from Fibrotic Lung Allografts
Demonstrate mTORC1/mTORC2 Pathway Activation-Mesenchymal phenotype of cells isolated from lung allografts was confirmed by immunofluorescence staining for vimentin (Fig.  1A) and by realtime PCR demonstrating presence of N-cadherin and absence of E-cadherin (Fig. 1B) . Baseline protein expression in MCs derived from fibrotic lung allografts (FibMCs) were compared with mesenchymal cells derived from normal lung allografts (non-Fib MCs). As previously reported (21) , Fib-MCs demonstrated elevated expression of collagen I protein compared with non-Fib MCs (Fig. 1, C and D) . Interestingly, phosphorylation of S6K1 (Thr-389) and 4E-BP1 (Thr-37/46), two important substrates of mTORC1, was elevated in Fib-MCs compared with non-Fib MCs (Fig. 1, C and D) . To determine the extent of mTORC2 signaling in fibrotic MCs mTOR and Mesenchymal Cell Activation MARCH 18, 2016 • VOLUME 291 • NUMBER 12 compared with normal counterparts, we monitored the phosphorylation of AKT on its hydrophobic motif site, Ser-473. We found that Fib-MCs also displayed increased AKT phosphorylation compared with non-Fib MCs (Fig. 1, C and D) , indicating increased mTORC2 function. Treatment of Fib-MCs with the PI3K inhibitor wortmannin decreased phosphorylation of S6K1 (Thr-389), 4E-BP1 (Thr-37/46), and AKT (Ser-473) (Fig.  1E) , demonstrating the dependence of mTORC1 and mTORC2 signaling on PI3K in Fib-MCs.
mTOR Kinase Inhibitors Reduce Collagen I Expression in Fibrotic Mesenchymal Cells-To investigate a potential link between the mTORC1 and mTORC2 pathways and control of collagen I expression in fibrotic lung-resident MCs, a pharmacological approach was first utilized in which Fib-MCs were treated with rapamycin, an allosteric mTORC1 inhibitor. As has been shown for other cell types (22) (23) (24) , rapamycin reduced S6K1 phosphorylation (Thr-389) strongly but failed to reduce 4E-BP1 phosphorylation (Thr-37/46) ( Fig. 2A) . Furthermore, rapamycin increased AKT phosphorylation in a dose-dependent manner in Fib-MCs ( Fig. 2A) , likely due to previously described mTORC1-mediated negative feedback toward PI3K (25) (26) (27) . increase in AKT (Ser-473) and 4E-BP1 (Thr-37/46) phosphorylation over time and an increased collagen I expression was noted at 48 h (Fig. 2B ). These data suggested that rapamycin not only selectively inhibits mTORC1-mediated S6K1 phosphorylation in lung MCs but also activates mTORC2 and can potentially induce 4E-BP1 phosphorylation and collagen I expression in non-activated cells. This led us to investigate the effect of an ATP-competitive mTOR catalytic inhibitor (AZD8055), a robust mTORC1 and mTORC2 inhibitor (28), on collagen expression. We found that AZD8055 reduced the phosphorylation of S6K1 (Thr-389), 4E-BP1 (Thr-37/46), and AKT (Ser-473) (Fig. 2C) as well as collagen expression (by 80%) in Fib-MCs (Fig. 2D) . The strong reduction in collagen expression caused by AZD8055 persisted for up to 72 h (Fig. 2D) . Investigation of earlier time points demonstrated that 1 h of AZD8055 (250 nM) treatment resulted in a 66% reduction in collagen expression, suggesting that the effect is likely not due to reduced transcription of collagen (Fig. 2E) . Collagen produced by Fib-MCs was also studied by Sircol collagen assay, a quantitative dye-binding method designed for the analysis of acidsoluble collagens. This assay confirmed that AZD8055 treatment results in reduced expression of collagen (Fig. 2F) . The effect of mTOR inhibition on other matrix proteins was also evaluated. A significant decrease in fibronectin (p ϭ 0.017) was noted with AZD8055 with no change in vimentin (p ϭ 0.737), demonstrating a role for mTOR in modulating specific fibrotic functions (data not shown). mTORC1 Signaling Promotes Pro-fibrotic Activation of Mesenchymal Cells-To further investigate the differential roles of the two mTOR complexes in fibrotic functions of mesenchymal cells, we employed siRNA to knockdown raptor and rictor, which inactivate mTORC1 and mTORC2 function, respectively. As expected, raptor knockdown decreased phosphorylation of S6K1 (Thr-389) and 4E-BP1 (Thr-37/46) in Fib-MCs; raptor knockdown also decreased expression of collagen (Fig. 3,  A and B) . We next asked if activation of mTORC1 would impart a fibrotic phenotype to normal MCs. We first utilized a FLAGtagged Rheb construct to overexpress wild type Rheb protein.
Rheb is a small GTPase (guanosine triphosphatase) that activates mTORC1 on lysosomal membranes when GTP-bound (29, 30) . When overexpressed, wild type Rheb, increases mTORC1 signaling in diverse cell types (30) . In non-Fib MCs, overexpression of FLAG-Rheb elevated mTORC1 signaling (as measured by increased S6K1 (Thr-389) and 4E-BP1 (Thr-37/ 46) phosphorylation) and increased collagen I protein expression (Fig. 3C) . We also elevated mTORC1 signaling in non-Fib MCs by knocking down TSC2 with siRNA. The TSC1-TSC2 complex functions as a GAP (GTPase activating protein) for Rheb (30) . Indeed, patients with the benign tumor syndrome tuberous sclerosis (TSC) possess inactivating mutations in either TSC1 or TSC2, and their cells and tissues possess elevated mTORC1 signaling (31) . As TSC1 and TSC2 function as obligate partners, knocking down either one inactivates TSC1/2 function. Consistent with our other data, we found that TSC2 knockdown increases mTORC1 signaling (increased S6K1 (Thr-389) and 4E-BP1 (Thr-37/46) phosphorylation) and leads to higher collagen I expression in non-Fib MCs (Fig. 3D) .
Dependence of mTORC1 Signaling on mTORC2 Function in Fibrotic Mesenchymal Cells-As the mTOR inhibitor AZD8055 reduced collagen I expression profoundly in MCs derived from fibrotic lungs, we evaluated the role of mTORC2 in MC activation further. To specifically inactive mTORC2 without affecting mTORC1, we employed siRNA to knockdown expression of 
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rictor in Fib-MCs. As expected, rictor knockdown reduced AKT phosphorylation at Ser-473 and PKC phosphorylation at Ser-657, confirming inactivation of mTORC2 function (Fig.  4A ). Rictor knockdown also reduced expression of collagen I by 72% (Fig. 4A ). Somewhat unexpectedly, rictor knockdown reduced phosphorylation of S6K1 (Thr-389) and 4E-BP1 (Thr-37/46) (Fig. 4A) . These data indicate that in human lung MCs, mTORC1 signaling requires upstream mTORC2 function, likely by boosting AKT signaling to mTORC1. Consistently, a known AKT target TSC-2 demonstrated decreased phosphorylation with rictor silencing (Fig. 4A) .
It is important to note that mTORC2-mediated AKT phosphorylation on its hydrophobic motif site Ser-473 boosts AKT activity while PDK1-mediated phosphorylation on its activation loop site (Thr-308) is absolutely required for AKT activity. Moreover, while many reports indicate that mTORC1 signaling does not require mTORC2-mediated AKT Ser-473 phosphorylation (32, 33) , a more limited set of reports show dependence of mTORC1 signaling on mTORC2 function (34) . For example, it has been shown that under conditions of elevated PI3K activity, mTORC2-mediated AKT Ser-473 phosphorylation boosts AKT activity significantly (34) .
To investigate if mTORC2 positively regulates mTORC1 in activated lung MCs, we studied the effect of rictor silencing on mTORC1 substrate phosphorylation in non-Fib MCs at baseline and in the presence of lysophosphatidic acid (LPA), an activator of the PI3K pathway. In non-Fib cells, rictor silencing had no effect on the phosphorylation of 4E-BP1 at Thr-37/46 or phosphorylation of S6K1at Thr-389 (Fig. 4B) . LPA treatment increased mTORC1 signaling to S6K1 and 4E-BP1, and resulted in increased collagen I expression. In these activated cells, rictor silencing reduced P-S6K1-Thr389, P-4E-BP1-Thr37/46, and Collagen I expression (Fig. 4B) , further confirming that mTORC1 signaling depends on mTORC2 function in both activated and fibrotic MCs.
To elucidate the mechanism by which mTORC2 function promotes mTORC1 signaling, Fib-MCs were treated with AKT inhibitor (MK-2206) and PKC inhibitor (Go6796). Fib-MCs treated with MK-2206 (AKT inhibitor) demonstrated decreased phosphorylation of S6K1 (Thr-389) and 4E-BP1 (Thr-37/46) where as Go6796 (PKC inhibitor) had no effect on mTORC1 substrate phosphorylation (Fig. 4C) . Collagen I expression was also significantly attenuated in the presence of AKT inhibitor MK-2206. To further determine if AKT Ser-473 phosphorylation is sufficient to induce the activation of mTORC1 by mTORC2, nonFib MCs were transfected with HA-AKT WT and HA-AKT S473D plasmids. In cells where AKT was up-regulated, a robust increase in phospho 4E-BP1 (Thr-37/46) and a moderate increase in phospho S6K1 (Thr-389) was noted (Fig. 4D) . Phosphorylated TSC2 (Thr-1462) and collagen I protein expression was also noted to be higher in non-Fib cells transfected with AKT plasmids (Fig. 4D) . In the final experiment, we silenced rictor in Fib-MCs by lentiviral shRNA and concomitantly transfected them with AKT plasmids. Overexpression of AKT robustly rescued phosphorylation of 4E-BP1 (Thr-37/46) and also led to a moderate increase in pS6K1 (Thr-389) in rictor silenced cells (Fig. 4E) . In Fib-MCs transfected with HA-AKT S473D plasmid, rictor silencing failed to attenuate Collagen 1 expression. Together, these data suggest that AKT phosphorylation is the likely intermediary pathway linking mTORC2 to mTORC1 activation in lung MCs.
Regulation of Collagen I Expression by the mTORC1-mediated 4E-BP1/eIF4E Signaling Axis in Fibrotic Mesenchymal
Cells-We next investigated a role for the mTORC1-S6K1 and mTORC1-4E-BP1/eIF4E signaling axes in control of collagen I expression in MCs. As rapamycin completely inhibits mTORC1-mediated phosphorylation of S6K1, yet has minimal effect on collagen I expression, we hypothesized that the mTORC1-controlled 4E-BP1/eIF4E pathway may prove to be the more important modulator. Indeed, the S6K1 inhibitor PF-4708671 yielded no effect on collagen I expression (Fig. 5A) . On the contrary, chemical inhibition of eIF4E downstream signaling with 4EGI-1, a synthetic molecule that displaces eIF4G association with eIF4E, thus preventing formation of the translation initiation complex, resulted in a significant decrease in collagen I expression in Fib-MCs (Fig. 5B) . To further investigate if matrix protein expression in Fib-MCs is dependent on eIF4E-dependent translation, we inhibited mTORC1/elF4E signaling by overexpressing the dominant-inhibitory HA-4E-BP1 alleles Phe114Ala TOS (mTOR signaling-motif mutant) and HA-4E-BP1-Thr37Ala/Thr46Ala (phosphorylation sitedefective). These alleles encode mTOR-insensitive mutants of 4E-BP1 that dominantly bind to and constitutively inhibit eIF4E and therefore cap-dependent translation. In Fib-MCs transfected with the mutant alleles, collagen I expression was reduced significantly (Fig. 5, C and D) . Interestingly, overexpression of wild type 4E-BP1 also decreased collagen I expression (Fig. 5, C and D) . Taken together, these data suggest that the TORC1-dependent 4E-BP1/eIF4E pathway, which is insensitive to rapamycin but sensitive to mTOR kinase inhibitors, drives collagen expression in fibrotic MCs.
Discussion
Numerous upstream biological pathways have been implicated in mesenchymal cell activation and matrix deposition during fibrosis, underscoring a need to identify and target final common pathways utilized by MCs in regulating its fibrotic functions (35) . Here, we provide evidence for crucial roles for mTORC1 and mTORC2, key integrators of diverse intracellular and extracellular stimuli, in regulating collagen I expression in fibrotic human MCs. We have identified mTORC1-mediated phosphorylation of 4E-BP1 as a key mechanism involved in increased collagen I expression by fibrotic MCs. Our investigations reveal a unique dependence of mTORC1 on mTORC2 activity under conditions of MC activation and fibrosis but not under normal conditions, identifying mTORC2 as a positive regulator of mTORC1 and MC fibrotic functions. These data suggest a potential therapeutic role for mTORC kinase inhibitors in fibrotic diseases and emphasize the need to delineate mTORC2 signaling in MCs, as targeting this pathway could represent a strategy to selectively modulate activated MCs.
Our results suggest that the mTORC1/4E-BP1/eIF4E pathway, which is insensitive to rapamycin but sensitive to ATPcompetitive mTOR catalytic inhibitors, is critical for driving increased collagen I expression in MCs during fibrosis. Translational control, characterized by differential use of pre-exiting mRNAs, regulates cellular processes in response to various stimuli (36) . The primary target of regulation of translation in eukaryotes is the initiation step, and mTORC1 is a key controller of translation-initiation complex component eIF4E (37, 38) . The mTORC1 downstream target, 4E-BP1, binds to and negatively regulates eIF4E. Phosphorylation of 4E-BP1 by mTORC1 dissociates it from eIF4E, promoting translation. mTORC pathway activation and dysregulated translation has been shown in autonomous cancer cells (39 -41) . While a similar unchecked mesenchymal cell activity characterizes fibrosis and contributes to progressive aberrant tissue remodeling, mTOR activation in human fibrotic mesenchyme has not been previously described. Both pharmacologic and small-interfering RNA approaches confirmed that the increased mTORC1 and mTORC2 activity in fibrotic mesenchymal cells was important in mediating increased expression of collagen I, a key fibrotic extracellular matrix protein. Furthermore, mTORC1 activation was sufficient to cause fibrotic differentiation of normal MCs. Downstream of mTORC1, 4E-BP1 was recognized as an integrator of the effects of mTORC activation on collagen I expression. elF4E hyper-activation has also been shown previously to be important in translation of adhesion molecules and extracellular matrix proteins such as fibronectin and CD44 in cancer cells (40) . However, the role of 4E-BP1 in regulating collagen I expressioninMCshasnotbeenpreviouslyidentified.Thedependence of collagen I expression in fibrotic mesenchymal cells on eIF4E-dependent translation was provided by blunted collagen I expression noted in Fib-MCs overexpressing alleles encoding mTOR-insensitive mutants of 4E-BP1 that dominantly bind to and constitutively inhibit eIF4E and therefore cap-dependent translation. Our findings suggesting mTOR-mediated translational activation in MCs during allograft fibrosis are also strengthened by recent reports of greater differences in matrix expression by translational rather than transcriptional control in MCs from patients with idiopathic pulmonary fibrosis (42) .
Comparison of MCs derived from fibrotic and normal lung allografts yielded novel insights into the role of the mTORC2 signaling pathway in diseased and non-diseased states. In normal lung-derived MCs, rictor silencing inhibited AKT Ser-473 phosphorylation but had no effect on basal levels of S6K1 or 4E-BP1 phosphorylation. This finding was consistent with previous studies in several types of cultured mammalian cells and in Drosophila, where it has been shown that, under physiological conditions, TORC2-mediated phosphorylation of AKT on its hydrophobic motif (Ser-473) is not essential for AKT kinase activity and signaling (32) (33) (34) . In MCs derived from fibrotic lung allografts, however, rictor silencing inhibited mTORC1 substrate phosphorylation potently, suggesting that in the pathological context of fibrosis, mTORC2-mediated AKT Ser-473 phosphorylation promotes AKT-dependent mTORC1 function. It has been recently demonstrated that under conditions of higher-than-normal PI3K activity, rictor/mTORC2-mediated hydrophobic motif phosphorylation boosts AKT activity significantly and mTORC2 activity is needed to permit high-level PI3K/AKT signaling (34) . The PI3K-dependent AKT-mTORC1 cascade can be activated by many extracellular stimuli, including ligands for growth factor receptors, G-protein coupled receptors (GPCRs), and cytokine receptors. As fibrotic MCs are exposed to such stimuli, it can be hypothesized that an activated PI3K pathway in fibrotic mesenchymal cells renders mTORC1 activation dependent on mTORC2 in these cells. This proposed paradigm was strengthened by the observation that active PI3K signaling was required for mTORC1 and mTORC2 function in Fib-MCs, with wortmannin leading to decreased mTORC1 and mTORC2 signaling. Activation of the PI3K pathway in normal MCs by LPA, an exogenous ligand, rendered mTORC1 effector phosphorylation susceptible to rictor silencing. A role for AKT phosphorylation as an intermediary step was further suggested by the ability of AKT plasmids to upregulate mTORC1 signaling in non-Fib MCs and to rescue mTORC1 inhibition by rictor silencing in Fib-MCs. mTORC2 regulation of mTORC1 in the context of diseases states also has recent precedence in the field of pulmonary hypertension where mTORC2 was shown to be required for mTORC1-mediated S6K1 activity in pulmonary arterial vascular smooth muscle cells (43) . These findings underscore the need for further investigation into mTORC2 signaling as it can potentially provide a means of targeting cells in diseased/activated rather than basal states.
Of significant clinical relevance to the field of lung transplantation is the finding that rapamycin, a drug commonly utilized in clinical practice, does not target the pathway relevant to collagen I expression in lung MCs. While rapamycin is mostly utilized in the transplant field for its immunosuppressive action, its potential anti-fibrotic effects has garnered significant interest for prevention and treatment of chronic allograft rejection in heart, lung, and kidney transplantation. We confirm resistance of the mTORC1-4E-BP1 axis, the signaling axis found to modulate collagen I expression in human lung-allograft MCs, to rapamycin. The differential effect on phosphorylation of mTORC1 downstream targets 4E-BP1 and S6K1 by rapamycin has been shown to be cell specific and is thought to be the reason behind variability in the effect of rapamycin on cap-dependent translation (22) . Rapamycin can also induce a rebound increase in phosphorylation of AKT on Ser-473 by interrupting mTORC1 dependent feedback inhibition of IRS phosphorylation and expression (25) (26) (27) . In fact, rapamycin treatment in both fibrotic and normal lung-derived MCs led to a marked up-regulation of phospho AKT Ser-473. Furthermore, an induction in collagen I expression was noted over a longer time course of rapamycin treatment in non-Fib MCs coinciding with an increase in phospho AKT Ser-473 and phospho 4E-BP1 (Thr-37/46). Also of interest in this context is that clinically, rapamycin treatment is known to be associated with fibrotic pneumonitis (44) , and a recent clinical trial of rapamycin derivative everolimus was associated with worsening outcomes in patients with idiopathic pulmonary fibrosis (45) . ATP-competitive mTOR kinase inhibitors offer an advantage by effectively targeting the rapamycin resistant mTORC1 pathway and preventing any potential negative feedback by directly inhibiting mTORC2. These compounds have attracted significant attention in the cancer field, and several of these drugs are in clinical trials (46, 47) . The profound decrease in collagen I protein expression (near 80%) by the mTOR kinase inhibitor AZD8055 in Fib-MCs suggests a potential role for mTORC1/2 targeting in MCs with fibrotic diseases.
In conclusion, activation of the mTORC1 and mTORC2 pathways is a key feature of fibrotic MCs characterized by pathologic matrix production. mTORC1 and mTORC2 activation was PI3K-dependent, suggesting that multiple upstream mediators can likely utilize this signaling mechanism and mTOR signaling might be the final common pathway. We also demonstrate for the first time that direct activation of mTORC1 is sufficient for increasing collagen I expression in normal MCs and that the increased collagen I expression in fibrotic mesenchymal cells is dependent on the 4E-BP1-eIF4E pathway. Furthermore, these studies establish an obligatory requirement of the mTORC2 complex for mTORC1 activity and collagen I expression in fibrotic MCs.
